Many heteronuclear NMR experiments employ decoupling to collapse the heteronuclear multiplet, using decoupling schemes with a periodic phase modulation like WALTZ, MLEV, or GARP. Because of the periodic nature of these schemes, cycling sidebands are generated, whose intensity can be strongly reduced by decoupling asynchronously. We show that the most common implementation of asynchronous decoupling on modern spectrometers is such that the cycling sidebands are subjected to a periodic modulation. For multidimensional experiments, this results in ridges that can seriously compromise the quality of the spectrum. Based on our model, the artifact in a 2D { 1 H}-15 N NOE equilibrium experiment is simulated and it is shown that the artifact can be prevented by using synchronous decoupling. C 2002 Elsevier Science (USA)
INTRODUCTION
Heteronuclear NMR experiments on biomolecular systems often require decoupling during acquisition to collapse the multiplet resulting from scalar coupled spins. Heteronuclear decoupling removes the effects of the scalar coupling and typically yields both a higher resolution and sensitivity. Phase modulated schemes like WALTZ, MLEV, and GARP (1-3) have greatly improved the quality of decoupling, allowing for efficient removal of the scalar coupling at relatively low power, while maintaining a large decoupling bandwidth. The drawback of these sequences is that they generate so-called cycling sidebands because data acquisition occurs at intervals other than the refocusing of the Jcoupling (4-6). Cycling sidebands are undesirable because they can overlap with signals of interest and reduce the intensity of the parent signal (6, 7) . The intensity of these sidebands can be strongly attenuated by decoupling asynchronously in combination with time-averaging (4) (5) (6) .
In the asynchronous mode, decoupling starts from a different point in the phase modulation pattern of each acquisition, resulting in a (partial) randomization of the phase of the sidebands (5, 6) . In contrast, in the synchronous mode, decoupling starts each time from the beginning of the modulation sequence, resulting in identical sidebands. For example, asynchronization can be achieved by changing the decoupler pulse length (8) or by cycli- 1 To whom correspondence should be addressed. E-mail: marco@nmr.kun.nl.
cally permuting an element of the phase modulation sequence (5) . The most commonly used method on modern spectrometers is depicted in Fig. 1 , which we refer to as the "jump-resume" implementation. 2 In this implementation decoupling is stopped at the end of acquisition, potentially in the middle of an element of the phase modulation scheme. In the successive scan, at the start of acquisition, decoupling is resumed from the following element in the decoupling sequence.
Here we show that, for a multidimensional experiment, this implementation of asynchronous decoupling introduces a periodic modulation of the cycling sidebands, resulting in a multidimensional artifact with defined frequencies in the indirect dimension. As an example, Fig. 2a shows the spectrum of a 2D heteronuclear NOE experiment employing asynchronous WALTZ-16 decoupling. The quality of the spectrum is seriously compromised by several horizontal ridges, making it impossible to determine the peak intensity for a number of residues. We show that these ridges, while they appear to be modulated in the indirect dimension, are actually generated by the cycling sidebands in the direct dimension. Hence, we call this a twodimensional artifact.
THEORY
Ideally, asynchronous decoupling would involve complete randomization of the decoupling starting point to achieve optimal suppression of sidebands, since their phase and intensity depend on the point in the modulation pattern at which decoupling is started (5). However, using a "jump-resume" implementation of asynchronous decoupling, the starting point is not randomized. Although from scan to scan decoupling starts from different elements in the sequence, a periodicity is generated equal at most to the number of elements in the phase modulation sequence. The number of elements is different for different decoupling schemes and depends on their specific implementation.
Since our experiments employed WALTZ decoupling, we shall now extend our arguments for this case, but similar • -pulse at decoupling power and each with a certain phase (cf. Fig. 1b) . Therefore, decoupling starts
FIG. 2. (a)
The { 1 H}-15 N NOE equilibrium spectrum of the PAH2:MAD-SID24 complex using asynchronous WALTZ-16 decoupling with 1.12-kHz RF-field strength (90 • -pulse of 222 µs). The arrows indicate the ridges. The sample was dissolved in an 95% H 2 O/5% D 2 O mixture, the pH was set to 6.3 using a phosphate buffer, and 50 mM of KCl as well as trace amounts of NaN 3 and protease inhibitor were added. Experimental parameters: acquisition time was set to 0.0768 s, the spectral width was 10000 Hz (t 2 ) × 1200 Hz (t 1 ), 32 scans were averaged per FID, and 120 complex points were recorded. (b) Simulated spectrum of an AX spin system with asynchronous WALTZ-16 decoupling, using the experimental parameters of (a). (c) Same as (a), but now with synchronous decoupling. All spectra were acquired on a Varian Unity Inova 500-MHz spectrometer. Spectra were processed using NMRPipe (13) . from the same element again after at most 96 scans, generating identical sidebands in scan 1 and 97, 2 and 98, and so on. The exact period can be calculated, considering that the starting element is shifted regularly from scan to scan by a fixed number of 90
• -elements, solely depending on the durations of the acquisition time and the WALTZ-16 supercycle. This shift can be expressed as a fraction of a supercycle, as indicated by the expressions
where
and at, W16 denote acquisition time and duration of the WALTZ-16 supercycle, respectively; int(x) returns the integer part of x, fract(x) returns the decimal part of x, and n is the number of 90
• -elements by which the starting element is shifted each scan (cf. Fig. 1) .
From Eq. [1] it can be deduced that, independent of at and W 16, the shift is equal to an integer multiple of supercycles after at most 96 scans, but smaller periods can also be expected for some values of n. As a result, the sidebands are modulated periodically and consequently cancellation artifacts, resulting from pairwise subtraction of scans, will be modulated periodically too. According to the Fourier theorem, the cancellation artifact can then be described as a superposition of sinusoidal components oscillating at the fundamental frequency and its harmonics.
For a multidimensional experiment, the cycling sidebands and the cancellation artifact accumulated in every FID are modulated with a certain period of FIDs, depending on the number of scans per FID. The periodicity of this modulation results, after Fourier transformation, in horizontal ridges through the spectrum at a specific position in the indirect dimension given by the fundamental frequency and its harmonics.
RESULTS AND DISCUSSION
The heteronuclear { 1 H}-15 N NOE experiment (cf. Fig. 3a) is an example of a multidimensional experiment which, due to its low sensitivity, may suffer from the artifact described above. Figure 2a shows the equilibrium spectrum of the { 1 H}-15 N NOE experiment performed on a uniformly 13 C/ 15 N-labeled 12.5-kDa protein studied in our laboratory. The artifact shown is common for any NOE equilibrium experiment run on a modern spectrometer using asynchronous decoupling and a pulse sequence relying on phase cycling to remove the equilibrium proton magnetization. Since the latter magnetization is 10 times larger than the signal originating from the nitrogen spins, the ridges The following phase cycle is used to cancel the equilibrium proton magnetization and to select the magnetization originating from the nitrogen spins: φ 1 = x, −x; φ 2 = y, y, −y, −y; φ 3 = −x; rec = x, −x, −x, x. States-TPPI was implemented on φ 1 (9) . The water was put along the z-axis using a half-gauss-shaped water flip-back pulse. The residual water in the x,y-plane was suppressed by 3-9-19 WATER-GATE pulses (14) in the reverse INEPT-block. Gradient strengths were 24 and 15 Gauss/cm for G1 and G2, respectively. (b) Pulse sequence used in the simulation program to calculate Fig. 2b . Spin X is decoupled asynchronously using WALTZ-16 modulation with a "jump-resume" implementation. The phase cycle φ 1 = x, x; rec = x, −x cancels the equilibrium magnetization of spin A. The delay is set to 1 4 J A−X . generated by the cycling sidebands of the equilibrium proton signals are relatively large compared to the selected signals.
The position of the ridges can be rationalized using the equation ns cp × shift = shift cp , [3] where ns cp is the number of scans per complex point, shift is given by Eq. [1] , and shift cp is the shift of the starting element per complex point. Substitution of the experimental settings for at and W16 (76.8 ms and 96 * 222 µs, respectively, cf. Fig. 2 ) in Eq. [2] shows that the starting point of decoupling is shifted by 58 90
• -elements for each transient (n), resulting, after substitution in Eq. [1] , in a shift per scan equal to 58/96 supercycle. Because 32 transients were averaged per FID and States-TPPI quadrature detection (9) was used, ns cp is equal to 64, resulting, after substitution in Eq. [3] , in a shift per complex point equal to 38 2 3 . As a consequence, after three complex points, the shift is equal to an integer number of supercycles. Thus, the cancellation artifact is modulated with a period of three complex points, resulting in two ridges at a frequency of ± one-third of the spectral width in the indirect dimension. Figure 2a shows two ridges along the edges of the spectrum and two ridges dividing the total spectrum into three equal parts, as indicated by the arrows. Since States-TPPI was used to shift any signal not modulating in t 1 by half the sweep width, the zero frequency reference for the artifact is at the border of the spectrum. In perfect agreement with the theoretical period of three complex points, two ridges appear at a frequency of ± one-third of the sweep width of the indirect dimension (i.e., ± one-sixth of the sweep width relative to the center of the spectrum). The ridges at the border stem from the zero-frequency component of the artifact and/or aliased harmonics.
To simulate this two-dimensional artifact, a program was written in OCTAVE (10) , which simulates the effect for an AX twospin system. After generating 2A y X z antiphase coherence, spin X is subjected to asynchronous decoupling using a WALTZ-16 modulation scheme (cf. Fig. 3b ). The evolution of the density matrix of this system is calculated numerically, taking Larmor precession, J-coupling, relaxation, and decoupling into account. The receiver phase is inverted every second scan, thus allowing complete focus on the cancellation artifact generated by the cycling sidebands of the main signal. This basic 1D-experiment was expanded into a 2D-experiment by repetitive evaluation using the experimental parameters of the actual { 1 H}-15 N NOE experiment. The final calculated two-dimensional data matrix was then processed in an identical fashion as the experimental data.
The resulting spectrum displays ridges at positions identical to those observed in the experimental spectrum (cf. Fig. 2b ). In addition, similar relative intensities are reproduced. Figure 2b also clearly shows the two-dimensionality of the artifact. A single signal generates many cycling sidebands appearing at the decoupler cycling rate and its harmonics (4) , and all are subjected to identical modulations, thus creating ridges parallel to the horizontal axis. While other studies describing artifacts from cycling sidebands in two dimensions (11, 12) have used decoupling in the indirect dimension, we show that the artifact introduced by asynchronous decoupling during t 2 is inherently twodimensional.
Since the artifact is caused by the cycling sidebands of the large unwanted equilibrium proton signal, it can be prevented by decoupling synchronously. Each scan generates identical sidebands ensuring perfect subtraction of the unwanted signal. This is shown in Fig. 2c , which displays the { 1 H}-15 N NOE experiment recorded with synchronous decoupling, but using otherwise identical experimental parameters as for Fig. 2a . As is immediately evident, the artifact has completely disappeared.
Alternatively, the artifact can be prevented by using a different implementation of asynchronous decoupling, ensuring a truly random starting element of the decoupling sequence. This would lead to the loss of the modulation of the cycling sidebands, resulting in a slight increase of t 1 -noise, as confirmed by our simulations (data not shown).
CONCLUSION
We have shown that the "jump-resume" implementation of asynchronous decoupling results in a periodic modulation of the cycling sidebands. For a multidimensional experiment this results in ridges through the spectrum, as shown for the heteronuclear NOE equilibrium experiment. This artifact is multidimensional in nature, since the apparent frequencies along the indirect dimension actually stem from modulations in the direct dimension. Other phase-modulated decoupling schemes like GARP and MLEV have been shown to give rise to similar artifacts (data not shown).
The artifact presented here is a common problem for any insensitive experiment that relies on phase cycling to cancel a relatively large unwanted signal and uses asynchronous decoupling. Synchronous decoupling and a different implementation of asynchronous decoupling are possible solutions to this problem.
